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PolycaprolactoneDue to its low cost, biocompatibility and slow bioresorption, poly-ε-caprolactone (PCL) continues to be a suitable
material for select biomedical engineering applications.Weused a combined atomic forcemicroscopy (AFM)/op-
tical microscopy technique to determine key mechanical properties of individual electrospun PCL nanoﬁbers
with diameters between 440–1040nm. Compared to protein nanoﬁbers, PCL nanoﬁbers showedmuch lower ad-
hesion, as they slipped on the substrate when mechanically manipulated. We, therefore, ﬁrst developed a novel
technique to anchor individual PCL nanoﬁbers to micrometer-sized ridges on a substrate, and thenmechanically
tested anchored nanoﬁbers. When held at constant strain, tensile stress relaxed with fast and slow relaxation
times of 1.0 ± 0.3 s and 8.8 ± 3.1 s, respectively. The total tensile modulus was 62 ± 26 MPa, the elastic (non-
relaxing) component of the tensilemoduluswas 53±36MPa. Individual PCL ﬁbers could be stretched elastically
(without permanent deformation) to strains of 19–23%. PCL nanoﬁbers are rather extensible; they could be
stretched to a strain of at least 98%, and a tensile strength of at least 12 MPa, before they slipped off the AFM
tip. PCL nanoﬁbers that had aged for over amonth at ambient conditions became stiffer and less elastic. Our tech-
nique provides accurate nanoﬁber mechanical data, which are needed to guide construction of scaffolds for cells
and other biomedical devices.
© 2015 Published by Elsevier B.V.1. Introduction
Synthetic biomaterials have steadily come to the forefront of appli-
cation-driven design in tissue and biomedical engineering over the
past 15 years [1–3]. The increasing use of electrospinning has been
one of the reasons for this trend [4]. Electrospinning involves dissolving
a polymer, natural or synthetic, in a highly volatile solvent, exposing the
solution to a high voltage, and collecting the resulting dry, polymer ﬁ-
bers onto a grounded substrate. The electrospun ﬁbers can be collected
in various forms such as sheets or tubes for use in engineering skin
grafts, blood vessels, heart valves, tendons and muscles, or as single ﬁ-
bers [5–10]. Recently, the electrospinning process has also been used
to fabricatemetal/polymer composite ﬁbers [11–13], cell/polymer com-
posite ﬁbers [14] and polymer composite ﬁbers [15] for different
applications.
Naturally occurring polymers such as collagen and ﬁbrinogen are
well suited for various in vivo applications, promoting cell adhesion
and growth by mimicking key mechanobiological and biochemical fea-
tures of the native extracellular matrix [16–21]. However, scaffolds fab-
ricated from collagen alone exhibit poor viscoelastic properties andbreak down quickly in buffer unless the sample is crosslinked [22,23].
While our recent studies demonstrate the superior mechanical perfor-
mance of electrospun ﬁbrinogen nanoﬁbers, problems persist with fast
degradation rates and mechanical instability when these ﬁbers are
uncrosslinked [18,19,24–26]. Native proteins, such as collagen and ﬁ-
brinogen, are alsomore expensive andmore difﬁcult to source than syn-
thetic polymers. Such obstacles motivate the need to engineer scaffolds
that have good bioresorbability, suitable mechanical properties, re-
duced biodegradability, easy sourcing and low cost.
Electrospinning synthetic polymers offers an efﬁcient, highly scal-
able route towards creating bioengineered scaffolds with tailored deg-
radation kinetics, excellent mechanical integrity, and surface
functionalization [27–33]. Though polymers such as polyglycolide
(PGA) and poly D,L-lactide (PDLA) are common tissue scaffoldingmate-
rials, here we will focus on poly-ε-caprolactone (PCL). PCL has a slower
degradation rate and distinct rheological and viscoelastic properties,
making it suitable for speciﬁc long term implantation [3,34]. Renewed
interest in PCL may be attributed to a growing need for low cost poly-
mers that have speciﬁc mechanical properties, are nonimmunogenic,
and resorb naturally at a time scale of months and years, far longer
than aliphatic polyesters designed for similar uses. Past biomedical ap-
plications for PCL include drug delivery sutures, wound dressings, as
well as ﬁxation devices [7,35–37]. Other studies have focused on using
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sels [5,6,38–40]. To better understand how these applications will per-
form under the stresses and strains encountered in the body, we need
to understand the nano- and micro-mechanical properties of the ﬁbers
that will be the building blocks of purely synthetic, or hybrid polymer/
protein, scaffolds.
In the past, our lab has investigated the mechanical properties of
single electrospun ﬁbrinogen ﬁbers (wet [41] and dry [42]) and single
electrospun collagen ﬁbers [43], and single ﬁbrin ﬁbers [44,45]. Broadly
speaking, wet electrospun ﬁbrinogen and native ﬁbrin ﬁbers are very ex-
tensible, as they can be stretched to amaximum strain, εmax of over 100%
without breaking, and they have a stiffness (total modulus) on the order
of tens (native ﬁbrin) to hundreds (electrospun ﬁbrinogen) of MPa. Dry
electrospun ﬁbrinogen ﬁbers are also very extensible (εmax N 100%), but
they are stiffer with a modulus of ~4 GPa. In contrast, native collagen ﬁ-
bers and dry, electrospun collagen ﬁbers have low extensibility
(εmax b 35%), and a higher modulus on the order of several GPa.
In this study, we determined a set of key mechanical properties for
electrospun PCL ﬁbers, including viscoelasticity, yield point stress and
strain, relaxation times, total and elastic tensile modulus, and energy
losswith increasing strain andwe show that certainmechanical proper-
ties are dependent on sample age. Compared to other native and
electrospun single nanoﬁbers, dry electrospun PCL ﬁbers most closely
resemble wet, native ﬁbrin ﬁbers, as both are very extensible (εmax N
100%), rather elastic, and rather soft with a modulus on the order of
10 MPa (wet ﬁbrin ﬁbers) and 60 MPa (dry electrospun PCL ﬁbers).
Thus, electrospun PCL ﬁbers might be particularlywell suited for ap-
plications requiring biocompatible, slowly resorbed, extensible, rela-
tively soft ﬁbers, at low cost, and with easy sourcing.
2. Materials and methods
2.1. Electrospinning of aligned PCL nanoﬁbers
PCL (Lactel Absorbable Polymers, Inherent Viscosity 1–1.3 dL/g in
chloroform, molecular weight (MW) ~120,000–300,000 g/mol) was
dissolved in 1,1,1,3,3,3-hexaﬂuoro-2-propanol (HFP, Sigma Aldrich) to
a concentration of 100 mg/mL (10% w/vol) and mixed for 5 h. The PCL
concentration and molecular weight are similar or somewhat higher
than those used by other groups (see Table 1). We did not determine
the solution viscosity, which is known to affect ﬁber morphology [46].
There may be no continuous ﬁber formation for very low viscosity solu-
tions, and jets may not be ejected from the polymer solution for very
high viscosity solutions. However, we did not observe either of these
problems. The solution was placed into a 5 mL syringe (Becton-Dickin-
son, Franklin Lakes, New Jersey). A 20-gauge blunt needle (CML Supply,
LLC) was inserted into the syringe and attached to 10–15 cm of Teﬂon
tubing (Small Parts Inc.). The Teﬂon tubing connected to a 3 cm piece
of hypodermic tubing (Small Parts Inc.) and was placed on a stand as
schematically depicted in Fig. 1; the syringewas then placed in a syringe
pump (PHD 2000 Infusion Syringe Pump, Harvard Apparatus, Holliston,Table 1
Physical properties of individual, electrospun ﬁbers.
Fiber type Concentration (% wt/vol)
Electrospun PCL ﬁbers (b30 days) 10
Electrospun PCL ﬁbers (N30 days) 10
Electrospun PCL (Lim, 2008) 10
12
14
Electrospun PCL (Tan, 2005) 7.5
Electrospun PCL (Wong, 2008) –
Electrospun PCL (Chew, 2006) 8–12
Electrospun PCL (Croisier, 2012) 15
Dry, electrospun ﬁbrinogen ﬁbers 10
Dry, electrospun collagen ﬁbers 8Massachusetts). A voltage of 20 kV (Spellman High Voltage Electronics)
was added to the end of the hypodermic tubing directly to the blunt
needle that served as the exit oriﬁce. Striated substrates for sample col-
lection were made using soft lithography and micromolding in capil-
laries as has been described previously [41]. For uniaxially aligning
electrospunﬁber arrays perpendicular to the striated substrate, a collec-
tor plate with copper tape and a gap in the center was used [47].
Attaching the cover slides to the collector plate, across the gap, allowed
for ﬁber alignment perpendicular to the ridges of the striated substrate.
A pump rate of 0.8 mL/h and a working distance of 15 cmwere used for
all samples.
2.2. Anchoring of nanoﬁbers to microridges using UV-curable optical
adhesive
A small drop of NOA-81 optical adhesive (Norland Products,
Cranbury, NJ) was used for anchoring single ﬁbers to the ridges on the
striated substrate. A 2 μm outer diameter micropipette was attached
to the clamp of a three-axismicromanipulator (SutterMP285, Sutter In-
strument, Novato, CA). A 10 μL drop of NOA-81 optical adhesive was
placed onto a cover slide adjacent to the striated substrate, as can be
seen in Fig. 2. The manipulator was placed above the optical glue drop,
lowered down along the z-axis into the optical glue and then raised
back up. The clamp incident angle, θ, was held at 20–35° relative to
the nanomanipulator bar in order to facilitate the ﬂow of glue into the
micropipette and to transport a small amount of glue to the ridges of
the striated substrate. The nanomanipulator bar itself was at an angle
of about 20° relative to themicroscope sample surface, so that the over-
all angle of the micropipette axis relative to the sample surface was
~40–55°. Once the NOA-81 optical glue was transported to point loca-
tions on the ﬁber using the micropipette manipulator, the substrate
with these NOA-81 anchoring sites was cured for 60 s with UV-
365 nm light (UVP 3UV transilluminator, Upland CA). This ensured ad-
hesion between the glue anchors and the substrate, which both consist
of the same optical adhesive.
2.3. Combined AFM/optical microscopy
PCL single ﬁber manipulations and force measurements were per-
formed at room temperature using a combined atomic force microsco-
py/optical microscopy technique as described previously [41–44,48].
Brieﬂy, the AFM (Topometrix Explorer, Veeco Instruments) is posi-
tioned above a custom-made stage that allows for isolated movement
of the sample in relation to the AFM cantilever. The AFM and stage are
placed on top of an inverted optical microscope (Zeiss Axiovert 200,
Göttingen, Germany). Sample illumination is provided by the camera
light located inside theAFMabove the cantilever tip. TheAFM cantilever
(NSC35/AIBS, force constant 14 N/m, MikroMasch, Wilsonville, OR) po-
sition is controlled by the NanoManipulator software (3rd Tech, Chapel
Hill, NC) to laterally stretch the ﬁbers at a rate of 300 nm/s. Images used
to identify ﬁber changes and anchoring integrity were collected by aMolecular weight (KDa) Diameter (nm) Ref.
120–300 440–1040 This study
120–300 440–1040 This study
80 200–1300 [50]
80 1100–1700 [9]
80 350–2500 [51]
60 230–5000 [52]
80 250–700 [53]
340 30–200 [42]
140 200–800 [43]
Fig. 1. Electrospinning setup. The spinning parameters were as follows: 20 kV voltage, 0.8 mL/h pump rate and 15 cm working distance between the ﬁxed blunt needle and the copper
tape/slide assembly. PCL/HFP solution is indicated in green. The glass slide with ridges is attached to the copper tape collector and grounded. PCL ﬁbers were electrospun for 5–10 s.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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and IPlab software (Scanalytics, Fairfax, VA).2.4. Lateral force, stress, and strain measurements on single ﬁbers
Individual ﬁbers were manipulated by laterally moving the cantile-
ver tip between adjacent ridges and into the ﬁber as previously de-
scribed [41–44,48]. This technique is well calibrated as demonstrated
by Liu et al. [49]. Lateral force was determined using Fl=KC ⋅ Il, where Il
is the left-right photodiode signal, and KC is the lateral force constant.
The lateral force constant can be foundusing the Young'smodulus of sil-
icon, E (1.69 × 1011 N/m2), thewidth,w, length, l, and thickness, t, of the
cantilever, the normal force sensor response, Sn, and the height of the
cantilever tip, h, by using KC ¼ Ewt36l2ðhþt=2Þ  Sn . The thickness of the tip
can be calculated using the resonance frequency of the cantilever, f ¼ 0
:276 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ewt3
ρðπh3 l3þ2:832wtl4Þ
r
where ρ is the density of silicon. Thewidth and
length of the cantilever, aswell as the height of the tip,were foundusing
optical microscope images.
Strain values, ε, were found using ε ¼ L0−LinitialLinitial , where L′ is half the
length of the stretched ﬁber and Linitial is half the initial, unstretched
length of theﬁber as can be seen in Fig. 3. Stress,σ ¼ F fiberA , was calculated
by dividing the force on the ﬁber by the cross-sectional area of the ﬁber,
A. The cross-sectional area, A, was determined using A=π(D/2)2, where
D, the diameter of the ﬁber, was found using SEM as described below.
The force on the ﬁber was determined using, Ffiber ¼ Fl2 sinβ, where Fl isFig. 2. Fiber anchoring technique. The micropipette attached to the micropipette manipulator is
the glass slidewith ridges (striated substrate). A small drop of optical glue is placed on a ﬁber thathe lateral force as described above and β can be found using the trigo-
nometric relationship between Linitial and L′,β ¼ arctan sLinitial. It should be
noted that this assumes a constantﬁber radius. The geometry of this set-
up can be seen in Fig. 3B.2.5. Diameter measurements using scanning electron microscopy
Measurements of individual ﬁber diameter were taken using SEM
(Amray 1810, KLA-Tencor). Individual ﬁbers were found by matching
images taken from the inverted optical microscope with a 40× lens to
the same ﬁber found on the SEM. Once the ﬁber was found, an image
was taken at 30,000× magniﬁcation using the SEM and diameters
were measured using the SEM software (EDS2006, IXRF Systems). An
average of 15 diameter measurements were taken from each ﬁber
image and all diameter measurements were then averaged to deter-
mine the size of each individual ﬁber.2.6. Energy loss
Energy loss for individual ﬁbers was calculated using a custom
Mathematica®program(details below, Section 3.4). Stress versus strain
values were plotted for individual manipulations. During each manipu-
lation the ﬁber was pulled by the AFM tip to a speciﬁc strain and then
retracted, back to the starting point. The energy loss is equal to the
inscribed area between the forward and backward pulls (Fig. 8A).
When appropriate, all data are reported as the mean value ± stan-
dard deviation of the mean.brought down into the optical glue and lifted up. The micropipette is then moved over to
t is on top of a ridge. The optical glue is then cured to anchor the PCLﬁbers to the substrate.
Fig 3. Schematic of single PCL ﬁber manipulation. The ﬁber is suspended and anchored to the grooves of the striated substrate. During a manipulation, the AFM probe is moved laterally,
thus stretching the ﬁber. (A) The manipulation is viewed from underneath using an inverted optical microscope. (B) Top view of the ﬁber and ridges. Linitial is half the initial length of the
ﬁber, L′ is half the stretched length of the ﬁber and β is the angle between Linitial and L′. The distance the AFM tip travels is indicated by s.
Figure adapted from [42].
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3.1. Low natural adhesion of PCL nanoﬁbers and anchoring of PCL nanoﬁ-
bers to micrometer-sized ridges
PCL nanoﬁbers demonstrated low natural adhesion and needed to
be anchored to the substrate for forcemeasurements. Anchoring of indi-
vidual PCL ﬁbers was conﬁrmed using optical microscopy images of the
ﬁbers before and after manipulations. Fig. 4A and B demonstrate the
manipulation of a single unanchored ﬁber, while Fig. 4C and D display
contrasting behavior after manipulating an anchored segment of a
ﬁber. Comparing anchored versus unanchored ﬁber images, it is evident
that the unanchored ﬁber has moved on the ridges while the anchored
ﬁber segments attached to the ridges are still perpendicular to the
ridges of the striated substrate after manipulation. Further investigation
of Fig. 4C andD shows that a previouslymanipulated sectionof theﬁber,
designated by red arrows, is unchanged following a later manipulation
designated by blue arrows. This indicates that the ﬁber no longer slips
over the ridges following the curing of optical glue anchoring points.
Anchoring ﬁbers creates well-deﬁned boundary conditions, which al-
lows for the determination of well-deﬁned ﬁber mechanical properties.3.2. Yield point, strain softening and lower limit of maximum extensibility
To determine the mechanical properties of individual, electrospun
PCL nanoﬁbers, ﬁbers were electrospun onto a striated substrate with
6.5 μmwide ridges and 13.5 μmwide wells. Individual ﬁbers were an-
chored to the ridges with optical glue as detailed above. Single ﬁbers
were pulled laterally, parallel to the ridges at a continuous rate of
300 nm/s. Optical images were taken from underneath the sample
while the AFM tip manipulated individual ﬁbers from above as shown
schematically in Fig. 3.
Extensibility is the maximum strain a ﬁber can withstand before it
breaks. Despite numerous attempts, it was not possible to completely
rupture any of the PCL ﬁbers with our experimental set-up, like weFig. 4. Conﬁrmation of anchored PCL ﬁbers. (A–B) An unanchored ﬁber before and after manip
The red arrows in (C–D) indicate a previouslymanipulated portion of the ﬁber that was unchan
did not slip under the anchoring optical glue. Size of ridges and grooves is 6.5 μmand 13. 5 μm, r
referred to the web version of this article.)had routinely done before for other natural (ﬁbrin) and electrospun ﬁ-
bers (wet/dry ﬁbrinogen, dry collagen) [41–44]. The reason for this is
that PCL ﬁbers appear to have very little natural adhesive properties,
as compared to any of the other, sticky ﬁbers we tested (ﬁbrin ﬁbers,
electrospun ﬁbrinogen, electrospun collagen). While anchoring PCL ﬁ-
bers prevents ﬁber slippage on the striated substrate, at high strain, slip-
page of the ﬁber off the AFM tip still occurs during each extensibility
measurement. Therefore, it is only possible to give a lower limit for
the maximum extension of a PCL ﬁber. A representative curve of an at-
tempt to determine the extensibility of a PCL ﬁber can be seen in Fig. 5.
Individual ﬁbers were pulled to a maximum strain before they slipped
off the AFM tip. The PCL ﬁbers that were pulled did not break, but
gave a lower limit for extensibility of 98 ± 30% strain at an average
stress of 12 ± 7 MPa. Individual PCL ﬁbers can be pulled to this strain
without breaking.
Fig. 5 also shows that these ﬁbers undergo signiﬁcant strain soften-
ing as they are pulled to a maximum stress and strain. Quantitatively
we can determine this by calculating the initial slope of the curve and
comparing it to theﬁnal slope of the curve. Themeanvalue for the initial
slope was 28 ± 15 MPa, while the mean value for the ﬁnal slope was
3.9 ± 3.7 MPa (p b 0.001). It should be noted that the latter number as-
sumes a constant ﬁber cross section throughout the manipulation. As-
suming a constant ﬁber volume, the ﬁnal slope (modulus) would be
about twice as large (~7.8 MPa). The larger initial slope indicates that,
on average, PCL ﬁbers undergo strain softening. We also wanted to de-
termine the yield point at which these ﬁbers showed a signiﬁcant
drop in slope. Of the 47 ﬁbers that were pulled, a yield point could be
clearly seen in 45 ﬁbers. The mean stress of this yield point was found
to be 9.0 ± 6.0 MPa at a strain of 30 ± 11%.3.3. Elasticity (elastic limit) and modulus measurements
3.3.1. Elasticity
To determine the viscoelastic properties of dry, electrospun PCL ﬁ-
bers we ﬁrst found the strain at which these ﬁbers were permanentlyulation, respectively. (C–D) An anchored ﬁber before and after manipulation, respectively.
ged by the currentmanipulation, indicated by the blue arrow, demonstrating that the ﬁber
espectively. (For interpretation of the references to color in this ﬁgure legend, the reader is
Fig. 5. Maximum extension. Representative curve showing a typical extensibility mea-
surement. A yield point occurs around 30% strain where the slope drastically changes. At
95% strain the ﬁber slips off the tip (it does not rupture).
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to a low strain and then the cantileverwasmoved back to the starting po-
sition which allowed the ﬁber to return to its initial starting point. Then
the ﬁber was pulled to a slightly larger strain and the stress was removed
again (tip returned to starting position). This loading routine was
repeated until the ﬁber was permanently deformed, providing both a
lower bound for strain immediately prior to deformation, and an upper
bound for strain immediately following deformation. Fig. 6A shows that
PCL ﬁbers (b1 month old) had an elastic limit of between 19 ± 5% and
23 ± 6%, i.e., ﬁbers incur permanent damage above this strain.Fig. 6. Elastic limit. Representative curves indicating when a ﬁber has been permanently deform
was greater than one month old. For both A and B, the red curve shows a manipulation that ha
green curve indicates amanipulation that has not yet reached theﬁber's elastic limit. The black a
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web3.3.2. Modulus (stiffness)
Total and elastic tensile moduli were found using an incremental
stress/strain method. To determine these properties, the ﬁber was
stretched to a low, ﬁxed strain, the stretchwas halted for approximately
a 50 second interval, allowing for stress relaxation, and then the stretch
was continued. The process was repeated for increasing strains at
roughly the same time intervals, as seen in Fig. 7A and B. Total and re-
laxed stresses are shown in Fig. 7C. We found the average total tensile
modulus for each individual manipulation (initial stress divided by
strain), for ﬁbers that are less than one month old, to be 62 ± 26 MPa.
The relaxed or elastic tensile modulus for these same individual manip-
ulations (ﬁnal stress divided by strain), from ﬁbers of the same age, had
an average of 53 ± 36 MPa.
In addition to the total and elastic moduli, we were also able to ana-
lyze ﬁber relaxation versus time. By ﬁtting a double exponential equa-
tion, σ(t)=ε0[Y∞+Y1 ⋅e−t/τf+Y2 ⋅e−t/τs], to each of the relaxation
curves, we determined a fast and slow relaxation time, τf and τs respec-
tively. Here Y∞ is the relaxed elastic modulus, and Y0 is the total elastic
modulus, Y0 = Y∞ + Y1 + Y2. A representative ﬁt is shown in Fig. 7D.
The fast and slow relaxation times for single PCL ﬁbers have average
values of τf=1.0 ± 0.3 s and τs=8.8 ± 3.1 s respectively. A single ex-
ponential function was found to ﬁt the curves less accurately.3.4. Energy loss
To determine the energy loss for PCL ﬁbers, we performed cyclic
loading curves by pulling individual ﬁbers to a low strain with the
AFM tip, and then moving back to the unstrained (starting) position. A
representative curve is given in Fig. 8A. We analyzed 212 individual cy-
clical stress vs. strain curves by curve ﬁtting datawith a high order poly-
nomial from both forward and backward pulls separately. Integrating
the area between both curves, and normalizing with respect to the
stretching energy, gives the percentage energy loss. A histogram was
generated (Fig. 8B) that shows percentage energy loss as a function of
strain interval; increasing strain correlates with increasing percent en-
ergy loss. It should be noted that the number of data points used to de-
termine the percent energy loss for each bar shown in Fig. 8B were not
the same, they ranged from 54 data points (5–10% strain) to 9 data
points (N45% strain).ed. (A) A ﬁber for a sample that was less than onemonth old. (B) A ﬁber for a sample that
s exceeded the strain at which the ﬁber can still relax to an unstressed position while the
nd blue curves are priormanipulations that have also not yet reached the elastic limit. (For
version of this article.)
Fig. 7. Sample incremental stress and strain curves. (A) A strain versus time curve emphasizes the various time periods that strainwas held constant. (B) A stress versus time curve during
the same time period as (A). (A) and (B) show that as strain is held constant the stress relaxes over the same time period. (C) Stress versus strain curve for this time period. The black curve
shows the raw data, the solid red line shows the total stress and the red dashed line shows the relaxed or elastic stress. (D) A single relaxation curve from (B) showing the double expo-
nential curve ﬁt. A curve is ﬁt to the raw data fromwhichwe can extract total and relaxedmoduli as well as fast and slow relaxation times. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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We observed a trend in many of the studied mechanical properties
as the samples aged. As noted above, the results that have been reported
are for samples that were 30 days old or less — deﬁned as the youngerFig. 8. Energy loss. (A) Representative curve for energy loss. The black (upper) curve correspon
sponds to the backwardmotion of the cantilever, returning to the starting position. The red area
histogram of the percentage of energy lost as a function of strain; energy loss increases steadilyw
reader is referred to the web version of this article.)sample. Older samples are those that were over 30 days old, and the
age of thisﬁber category ranged from60 to 90 days old. Age dependence
was ﬁrst observed during elastic limit manipulations. Younger samples
had an elastic limit of 19 ± 5% to 23 ± 6% while it was only 6 ± 2% to
8 ± 2% (p b 0.001) for the older samples. Age-related changes inds to the forward pull of the cantilever, stretching the ﬁber. The blue (lower) curve corre-
between the two curves shows the amount of energy lost during this stretching cycle. (B) A
ith increasing strain. (For interpretation of the references to color in thisﬁgure legend, the
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from τf = 1.0 ± 0.3 for younger samples to τf = 1.7 ± 0.4 s for older
samples (p b 0.001). Slow relaxation times increased from 8.8 ± 3.1 s
for younger samples to 21 ± 9 s for older samples (p b 0.001). Age de-
pendencewas also observed for the total tensilemodulus. Younger sam-
ples had a total tensile modulus of 62 ± 26 MPa while older samples
had a total tensile modulus of 99 ± 84 MPa (p b 0.001). There was no
statistically signiﬁcant difference between the elastic modulus when
comparing younger and older samples (p = 0.161 Mann Whitney U,
p = 0.006 t-test). We also did not observe a statistically signiﬁcant
change in maximum extensibility or energy loss with age.
3.6. Statistical analysis
Statistical analysis for samples was done using either an indepen-
dent t-test or MannWhitney U test to compare differences with respect
to slope (yield point) or age of sample (elastic limit, fast and slow relax-
ation time, total and elastic modulus).
4. Discussion
We have developed a novel anchoring technique for electrospun ﬁ-
bers that allowed us to determine various mechanical properties of sin-
gle, electrospun poly-ε-caprolactone (PCL) nanoﬁbers (diameter range:
440 nm–1040 nm). The anchoring efﬁcacy was conﬁrmed using optical
microscopy and force data from the AFM cantilever as shown in Fig. 4
and S1 respectively. Unanchored ﬁbers (Fig. 4A and B) easily slip during
a mechanical manipulation, while the anchoring points of anchored ﬁ-
bers remain ﬁrmly in place during a mechanical manipulation (Fig. 4C
and D). Anchoring could also be conﬁrmed by comparing the force-ex-
tension curves for unanchored ﬁbers to the force-extension curves for
anchored ﬁbers as shown in Fig. S1. For the unanchored ﬁber the force
drops to a lower value multiple times during the manipulation; Fig.
S1B shows an increase in force until the ﬁber slips off the cantilever
tip. After samples had been manipulated, we were also able to conﬁrm
our anchoring technique using scanning electron microscopy, as
shown in Fig. 9. Taken together, these three techniques demonstrate
that individual ﬁbers were rigidly anchored to the striated substrate
throughout all lateral force measurements. The images in Fig. 9 also
show that the glue does not wick along the ﬁber, which would alter
its mechanical properties.
We used a combined atomic force microscopy/optical microscopy
technique thatwas developed in our lab to determinemechanical proper-
ties of single electrospun poly-ε-caprolactone (PCL) ﬁbers [42].We found
that PCL ﬁbers have low natural adhesion, causing the ﬁber to slip off the
cantilever tip in our maximum extensibility measurements. Our lower
limit value for the extensibility is 98 ± 30%; that is, the ﬁber could be
stretched to this point before it slipped, but it did not yet break. This
value is consistent with values found for similar PCL nanoﬁbers. Using a
nanotensile tester, Lim and Tan found maximum strain values on theFig. 9. Scanning electronmicrograph images. (A)An image showing a singleﬁber that has been a
striated substrate and also that the glue has not wicked along the individual ﬁbers. (B) An ima
striated substrate. Scale bars are 10 μm (additional SEM images, see Supplementary material).order of about 40%, 100% and 200% for 10 wt.%, 12 wt.% and 14 wt.% PCL
nanoﬁbers (MW 80,000 g/mol), respectively, and 200% in an earlier
report [9,50]. These authors also found that the extensibility depends on
the PCL concentration and ﬁber diameter. They surmised that ﬁber
crystallinity (which is affected by PCL concentration and ﬁber diameter)
may be the underlying parameter that controls ﬁber properties such as
extensibility and modulus, with higher crystallinity resulting in a stiffer
and less extensible ﬁber.Wong et al. reported an extensibility of between
50% and 90% for PCL nanoﬁbers (MW 80,000 g/mol) with diameters
between 350 nm and 1600 nm [51]. Chew et al. found extensibilities of
50% to 100% for PCL nanoﬁbers (8% -12% PCL, MW 60,000 g/mol) [52].
During our manipulations we were able to determine the yield point for
electrospun PCL nanoﬁbers, a property that has been difﬁcult to quantify,
as a result of smooth transitions from the elastic to the plastic region in
previously studied nanoﬁbers. This measurement allows us to determine
when strain softening will occur, a property indicative of permanent
deformation. The yield point stress (9.0± 6.0MPa) and yield point strain
(30± 11%) are similar to those found by Tan et al. (13±7MPa and 20±
10% respectively), and Wong et al. (~35 MPa and ~20%, respectively)
using different techniques [9,51].
PCL nanoﬁbers show viscoelastic properties. Using incremental
stress–strain curves, which had not been used on PCL nanoﬁbers before,
we determined a total tensile modulus of 62 ± 26 MPa and elastic ten-
sile modulus of 53 ± 36 MPa. The total tensile modulus may be com-
pared to the tensile modulus determined by other methods. Other
teams reported similar, but somewhat higher values of 120 MPa,
about 100 MPa–500MPa in our diameter range, 275 MPa in our diame-
ter range, 1000 MPa–3000 MPa, and 3000 MPa–5000 MPa [9,50–53]. It
is not clear why most of these values are higher, but it could be due to
technical differences and different nanoﬁber preparations. Another like-
ly reason is that our ﬁbers were formed from PCL with MW ~120,000–
300,000 g/mol, whereas all other nanoﬁbers were formed from PCL
with MW 80,000 or 60,000 g/mol. It could be that higher molecular
weight PCL results in softer nanoﬁbers. These different values suggest
that different nanoﬁber properties can be achieved by varying the prep-
arationmethods. The observation that the elastic tensilemodulus in our
measurement is only 15% smaller than the total tensile modulus indi-
cates that the viscous component is small for small deformations in
PCL nanoﬁbers. The same conclusion can be reached from the small en-
ergy loss at small deformation (b20% energy loss for strains b10%). That
is, even though electrospun PCL nanoﬁbers show viscoelastic behavior,
they can be treated as elastic ﬁbers to a good approximation (b20%
error) for small strains (b10%). It has been shown that the tensile mod-
ulus varies somewhat with diameter, with thinner ﬁbers having a
higher modulus than thicker ﬁbers [9,50,51]. This effect was attributed
to thin ﬁbers having a higher crystallinity than thick ﬁbers, and the ef-
fect was strongest for ﬁbers smaller than 500 nm.We did not see a pro-
nounced diameter dependence of the tensile modulus over our
diameter range (440 nm–1040 nm), Supplementary Fig. S2, probably
because our ﬁber diameters were mostly above 500 nm.nchored andmanipulated. Theﬁgure shows thatﬁbers have beenglued to the ridges of the
ge showing ﬁbers that have not been anchored or manipulated spanning the ridges of the
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more effort than just molding them from the corresponding bulk mate-
rial, and the question arises if this extra effort is justiﬁed in biomedical
engineering. Are structures formed from nanoﬁbers different, and
therefore, more suitable and advantageous for some applications as
compared to structures formed frombulkmaterial? The answer appears
to be yes. For example, it is becoming apparent that cell growth and cell
behavior depend on themechanical and geometric properties of the cell
environment (in addition to the biochemical environment) [54–56].
Thus, one goal in tissue engineering is to mimic the structural and me-
chanical properties of the extracellular matrix, and electrospun nanoﬁ-
bers match the dimensions of ﬁbers in the extracellular matrix well.
The micromechanical and microstructural properties of cell substrates
do matter, and they can be used to control cell behavior, which points
to the importance of investigating and ﬁne-tuning nanoﬁber mechani-
cal properties.
Devices with identical macroscopic shapes may show different me-
chanical properties depending on whether they were formed from
nanoﬁbers or bulk material; for instance, a specimen formed from PCL
nanoﬁberswas stiffer, stronger, and not as ductile as a specimen formed
from bulk material [51].
It is also useful to compare PCL nanoﬁber mechanical properties
with the properties of some other, protein-based electrospun nanoﬁ-
bers, since different applications may have different mechanical, struc-
tural and biochemical requirements (Tables 1 & 2). Fibrin (activated
ﬁbrinogen) polymerizes into a ﬁbrin network, which is themajor struc-
tural component of a blood clot, and is involved inwound healing. Fibrin
ﬁbers are extraordinarily extensible (150%–220% strain) and elastic
(50%–100% strain) and have a tensile modulus on the order of 10 MPa
[44,45]. Electrospun ﬁbrinogen is thus considered a good candidate for
use in biomedical engineering applications requiring soft, extensible ﬁ-
bers. Wet and dry electrospun ﬁbrinogen ﬁbers retain some of the na-
tive properties of ﬁbrin ﬁbers, as they are also very extensible (130%
(wet); 113% (dry)), however their tensile moduli differ, with the dry ﬁ-
brinogen ﬁber modulus being signiﬁcantly higher (17.5 MPa (wet),
4200 MPa (dry)) [41,42]. Collagen is the most abundant protein in the
body and has numerous structural andmechanical functions. For exam-
ple, it occurs in cartilage, skin, and the extracellularmatrix. Native colla-
gen ﬁbrils have low extensibility (b 20% strain) and are relatively stiff
with a tensile modulus on the order of 1000 MPa [57]. Dry electrospun
collagen ﬁbers have relatively low extensibility, (30% strain) and have a
modulus ranging from 200–10,000 MPa [43].
The mechanical properties of electrospun PCL nanoﬁbers do not
closelymimic any of the natural or electrospun protein ﬁbers. However,
they seem to come closer to ﬁbrin ﬁbers and electrospun ﬁbrinogen ﬁ-
bers, rather than collagen ﬁbers.
The viscoelastic properties of single electrospun PCL ﬁbers were af-
fected by the age of the ﬁber sample. This is an important property forTable 2
Mechanical properties of individual, electrospun ﬁbers.
Fiber type εmax (%) εelast. limit (%) τf (s)a τs (
Electrospun PCL ﬁbers (b30 days) N98 ± 30 19 ± 5 to 23 ± 6 0.98 ± 0.26 8.7
Electrospun PCL ﬁbers (N30 days) N98 ± 30 6 ± 2 to 8 ± 2 1.69 ± 0.44 21.
Electrospun PCL (Lim, 2008) ~40 – – –
~100
~200
Electrospun PCL (Tan, 2005) 200 ±
100
– – –
Electrospun PCL (Wong, 2008) ~50–90 – – –
Electrospun PCL (Chew, 2006) 50–100 – – –
Electrospun PCL (Croisier, 2012) – – – –
Dry, electrospun ﬁbrinogen ﬁbers 110 16 1.2 11
Dry, electrospun collagen ﬁbers 33 b2 – –
a τf = fast relaxation time.
b τs = slow relaxation time.determining how long a scaffold made from these single ﬁbers can be
stored before the mechanical properties are signiﬁcantly altered. PCL
has seen a recent resurgence in biomedical and tissue engineering ap-
plications in large part due to a slow degradation time under physiolog-
ical conditions which is desirable for certain applications [3]. To
determine how well a sample will react to mechanical stimulus we
need to understand the age at which the mechanical properties of the
material change. These viscoelastic properties for single PCL ﬁbers
changed for ﬁber samples that were greater than 30 days old (stored
at room temperature); characteristic differences due to aging were
ﬁrst observed when determining the ﬁbers' elastic limit. As noted
above, younger samples could be pulled to greater strains, but smaller
stresses than older samples. This observation shows that the strains to
which a single ﬁber can be pulled are dependent on the age of the sam-
ple. Table 2 shows that the fast and slow relaxation times, as well as the
total and elastic moduli, are also dependent on the age of the ﬁber sam-
ple. The aging effect may be due to some annealing occurring at room
temperature [58], and might be reduced by storing the ﬁbers at lower
temperatures.
The amount of energy lost during individual manipulations
was dependent on the strain at which a single ﬁber was pulled
(Fig. 8B). We have previously observed the dependence of energy
loss on strain for electrospun type I collagen ﬁbers and single ﬁbrin
ﬁbers [43,44]. While energy loss for single electrospun collagen ﬁ-
bers plateaus at 80% at a strain of 12% the energy loss for single PCL
ﬁbers is only 56 ± 15% at strains up to 62%. It should be noted that
these strains may not be high enough to observe a plateau in energy
loss. We have previously shown that crosslinked and uncrosslinked
ﬁbrin ﬁbers have an energy loss that does not plateau until greater
than 100% strain.
We chose to investigate individual PCL ﬁbers because of their nu-
merous possibilities for use in both biomedical and tissue engineering.
Currently, electrospun collagen is widely used due to its low immuno-
genicity in the humanbody. However, single electrospun collagen ﬁbers
have some undesirable properties that limit their potential use in tissue
engineering including low elasticity and extensibility, and low stability
when the ﬁbers are uncrosslinked. In contrast, many of the properties
found for electrospun PCL are similar to electrospun ﬁbrinogen — see
Table 2. PCL may in fact be a better choice than ﬁbrinogen for certain
biomedical purposes because of its low cost. In addition, it appears
that PCL's viscoelastic properties can be ﬁne-tuned depending on me-
chanical needs by changing the solution properties, for example,molec-
ularweight or concentration, or by changing the syringe pump rate and/
or accelerating voltage. Combining these ﬁndings, we believe these data
can be used to better design scaffolds that need the speciﬁc mechanical
and bioresorbable properties of PCL while also motivating the need to
better understand the properties of hybrid protein/synthetic polymer
electrospun nanoﬁbers.s)b Elastic Mod.
(MPa)
Total Mod.
(MPa)
Yield
strain (%)
Yield strain
(MPa)
Ref.
9 ± 3.08 52.9 ± 36.2 62.3 ± 25.6 30 ± 11 9.0 ± 6.0 This study
22 ± 8.97 61.4 ± 51.1 99.2 ± 83.9 30 ± 11 9.0 ± 6.0 This study
– – – – [50]
– 120 ± 30 20 ± 10 13 ± 7 [9]
– 275 ~20 ~35 [51]
– 1000–3000 – – [52]
– 3700 ± 700 – – [53]
3700 4200 – – [42]
– 200–10,00 – – [43]
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Wedeveloped a novel method for anchoringmicro- and nano-ﬁbers
to the microridges of an optical adhesive substrate. A combined atomic
forcemicroscopy/optical microscopy techniquewas then used to deter-
mine the mechanical properties of anchored single, electrospun PCL ﬁ-
bers. The anchoring is critical since the ﬁbers do not naturally bind to
the substrates well enough tomeasure keymechanical properties of in-
dividual ﬁbers. In fact, PCL seems to have very low natural adhesion,
since PCL ﬁbers slipped on the substrate when not anchored, and they
slipped off the AFM tip at high strains. PCL ﬁbers may have suitable me-
chanical properties for various applications in biomedical and tissue en-
gineering including blood vessels, skin grafts, and tendons. Viscoelastic
properties were found to depend on the age of theﬁbers. Younger ﬁbers
could be pulled to a greater strain before permanent deformation than
older ﬁbers. The relaxation times and total and elastic moduli also
showed age-related dependencies. This dependence on age gives us a
better understanding of how PCL degrades, from amechanical perspec-
tive, over time. Combining theseﬁndingswith PCL's bioresorbable prop-
erties will allow for better fabrication of speciﬁc bioengineered scaffolds
and devices.
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